Intersubunit rotation and movement of the L1 stalk, a mobile domain of the large ribosomal subunit, have been shown to accompany the elongation cycle of translation. The initiation phase of protein synthesis is crucial for translational control of gene expression; however, in contrast to elongation, little is known about the conformational rearrangements of the ribosome during initiation. Bacterial initiation factors (IFs) 1, 2, and 3 mediate the binding of initiator tRNA and mRNA to the small ribosomal subunit to form the initiation complex, which subsequently associates with the large subunit by a poorly understood mechanism. Here, we use single-molecule FRET to monitor intersubunit rotation and the inward/outward movement of the L1 stalk of the large ribosomal subunit during the subunit-joining step of translation initiation. We show that, on subunit association, the ribosome adopts a distinct conformation in which the ribosomal subunits are in a semirotated orientation and the L1 stalk is positioned in a half-closed state. The formation of the semirotated intermediate requires the presence of an aminoacylated initiator, fMet-tRNA fMet , and IF2 in the GTP-bound state. GTP hydrolysis by IF2 induces opening of the L1 stalk and the transition to the nonrotated conformation of the ribosome. Our results suggest that positioning subunits in a semirotated orientation facilitates subunit association and support a model in which L1 stalk movement is coupled to intersubunit rotation and/or IF2 binding.
Intersubunit rotation and movement of the L1 stalk, a mobile domain of the large ribosomal subunit, have been shown to accompany the elongation cycle of translation. The initiation phase of protein synthesis is crucial for translational control of gene expression; however, in contrast to elongation, little is known about the conformational rearrangements of the ribosome during initiation. Bacterial initiation factors (IFs) 1, 2, and 3 mediate the binding of initiator tRNA and mRNA to the small ribosomal subunit to form the initiation complex, which subsequently associates with the large subunit by a poorly understood mechanism. Here, we use single-molecule FRET to monitor intersubunit rotation and the inward/outward movement of the L1 stalk of the large ribosomal subunit during the subunit-joining step of translation initiation. We show that, on subunit association, the ribosome adopts a distinct conformation in which the ribosomal subunits are in a semirotated orientation and the L1 stalk is positioned in a half-closed state. The formation of the semirotated intermediate requires the presence of an aminoacylated initiator, fMet-tRNA fMet , and IF2 in the GTP-bound state. GTP hydrolysis by IF2 induces opening of the L1 stalk and the transition to the nonrotated conformation of the ribosome. Our results suggest that positioning subunits in a semirotated orientation facilitates subunit association and support a model in which L1 stalk movement is coupled to intersubunit rotation and/or IF2 binding.
ribosome | translation initiation | single-molecule FRET | initiation factor 2 T he coordinated structural rearrangements of the ribosome and protein factors underlie the mechanism of translation. During the elongation phase of protein synthesis, the movement of tRNAs through the ribosome is accompanied by large-scale conformational changes, such as intersubunit rotation (1) , the swiveling of the 30S subunit head (2) , and the movement of a mobile domain of the large ribosomal subunit, the L1 stalk (3) . Although the elongating ribosome likely samples a number of transient conformations, it predominantly adopts two main structural states: the nonrotated, classical state and the rotated, hybrid state (4) . Translocation of tRNAs from the A and P to the P and E sites occurs through the formation of the intermediate hybrid A/P and P/E states, in which anticodon stem-loops of tRNAs are bound to the A and P site of the small subunit, whereas the acceptor ends are bound to the P and E sites of the large subunit, respectively (5) . Hybrid state formation is coupled to a ∼7°-∼10°rotation of the body and platform of the small ribosomal subunit relative to the large ribosomal subunit and the inward movement of the 50S L1 stalk (6) . Blocking intersubunit rotation by a covalent cross-link between subunits abolishes tRNA translocation (7) . Furthermore, the antibiotics viomycin and neomycin inhibit tRNA translocation while trapping the ribosome in the rotated and semirotated conformations, respectively (8, 9) . Hence, rearrangements of the ribosome are essential for translation elongation. However, the role of ribosomal structural dynamics in the other phases of protein synthesis such as initiation, termination, and recycling is less well understood.
Translation initiation is a key regulatory step in protein synthesis in all organisms. Initiation of protein synthesis in bacteria is controlled by initiation factors (IFs), IF1, 2, and 3, which promote the binding of initiator tRNA, fMet-tRNA fMet , and mRNA to the small (30S) ribosomal subunit to form the 30S initiation complex (30S IC). IF1, 2, and 3 cooperatively maintain the fidelity of start codon selection and initiator tRNA binding (10) (11) (12) . IF2 is a translational GTPase that facilitates the association of the large (50S) ribosomal subunit with the 30S IC. GTP hydrolysis stimulated by the large ribosomal subunit triggers the release of IF2 (13, 14) , whereas IF1 and IF3 likely disassociate from the ribosome concurrently (11) or shortly after subunit joining, but before the release of IF2 (12, 15) . Although the specific functions of each initiation factor, as well as the order and kinetics of the different steps of initiation, have been extensively studied (12, (16) (17) (18) (19) (20) , many molecular details of this process including the conformational rearrangements of the ribosome remain unclear.
Previous cryo-EM and FRET studies have suggested that rotation between ribosomal subunits may be involved in the transition from the initiation to the elongation phase of protein synthesis (21) (22) (23) (24) . However, these studies have not unambiguously determined which conformation is adopted by the ribosome on IF2-mediated subunit joining. Relatively low-resolution (>11 Å) cryo-EM reconstructions of a late intermediate of initiation, the 70S IC bound with IF2, suggested that the small ribosomal subunit in 70S • IF2 ICs is rotated ∼4-5°relative to the large ribosomal subunit, which is less than the degree of rotation observed in hybrid, fully rotated ribosomes (21) (22) (23) . Furthermore, in the Escherichia coli 70S • IF2 IC, the initiator tRNA was observed in an intermediate position between the classical P/P and hybrid P/E states that was named the P/I state (22) . By contrast, the cryo-EM reconstruction of the Thermus thermophilus 70S • IF2 IC showed the ribosome in a conformation that was similar to the nonrotated state containing initiator tRNA bound in the classical P/P state (21) . Moreover, the cryo-EM reconstruction of IF2 bound to the rotated, hybrid state ribosome has also been determined (23) . Additionally, a single-molecule FRET (smFRET) study, which used energy transfer between fluorophores attached to the small and large subunits, suggested that, on subunit joining during initiation, the ribosome adopts a conformation that is indistinguishable from the rotated, hybrid state (24) . The discrepancy between aforementioned studies may be due to differences in experimental
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Translation initiation is a key step for the regulation of protein synthesis. Initiation factors mediate the binding of initiator tRNA and mRNA to the small ribosomal subunit and subsequent binding of the large ribosomal subunit. The molecular mechanism of subunit association is poorly understood. Here, we show that bacterial initiation factor 2 (IF2) positions ribosomal subunits in a distinct rotational orientation during the subunit-joining step of initiation. IF2 also stabilizes the mobile domain of the large subunit named the L1 stalk in a unique conformation. Our studies provide insights into how IF2 promotes the association of ribosomal subunits.
conditions, low resolution, and ensemble averaging of cryo-EM reconstructions. Nevertheless, structural features of the 70S IC remain elusive. In addition, a thermodynamic description of ribosome dynamics during initiation is also lacking.
Here, using previously established smFRET assays (25, 26) , we follow the orientation of ribosomal subunits and the position of the L1 stalk during the subunit association step of translation initiation. We show that IF2 stabilizes an intermediate of initiation where the ribosomal subunits adopt a semirotated conformation and the 50S L1 stalk is in a half-closed position. We also demonstrate that the formation of the semirotated 70S IC requires the presence of an aminoacylated initiator, fMet-tRNA fMet , implicating the IF2-mediated subunit joining step in the preservation of initiation fidelity. Finally, we show that GTP hydrolysis by IF2 controls the transition of the 70S IC into the nonrotated conformation of the ribosome and, thus, to the elongation phase of protein synthesis.
Results
The Ribosome Adopts a Semirotated Conformation During the Subunit-
Joining
Step of Initiation. To follow subunit joining and intersubunit rotation during initiation, we used FRET between a fluorophore attached to protein L9 of the large ribosomal subunit and a fluorophore attached to protein S6 located on the platform of the small subunit (25) . This smFRET assay has previously demonstrated that elongation-like complexes fluctuate between the nonrotated, classical state and the rotated, hybrid conformations of the ribosome, which correspond to 0.6 and 0.4 FRET states, respectively (27) (Fig. S1 A and B) . Because cryo-EM reconstructions suggested that the 70S IC might adopt an intermediate conformation between the nonrotated and fully rotated states of the ribosome, we first tested whether the S6/L9 FRET assay could detect a median rotational orientation between ribosomal subunits. X-ray crystallography and smFRET between fluorophores attached to ribosomal proteins L1 and S13 were previously used to demonstrate that the antibiotic neomycin stabilizes 70S ribosomes in a partially rotated conformation, in which the small ribosomal subunit was rotated by ∼6°r elative to the large subunit (9) . Consistent with this report, when we incubated S6/L9-labeled ribosomes containing a deacylated tRNA fMet in the P site with 100 μM neomycin and imaged ribosomes using total internal reflection fluorescence (TIRF) microscopy, a predominant 0.5 FRET state was observed ( Fig. S1 C and D). Thus, the S6/L9 FRET assay can detect the formation of a partially rotated neomycin-stabilized intermediate, which is different from the nonrotated and rotated conformations of the ribosome corresponding to the 0.6 and 0.4 FRET states, respectively.
We next sought to determine which rotational orientation the ribosomal subunits adopt during the subunit-joining step of translation initiation. We tested activity of purified recombinant IF1, IF2, and IF3 from E. coli in ensemble stopped-flow kinetic experiments in which subunit association was detected by the increase in light scattering. Our kinetic data validated activity of IFs used in this work and showed that, consistent with previous reports (10, 11), IF2 accelerated subunit joining, whereas IF1 and IF3 significantly slowed down subunit association in the absence of IF2 (Fig. S2 ). For smFRET measurements, 30S ICs were assembled in the presence of IF1, IF2, IF3, GTP, Cy3-S6 30S subunits, fMet-tRNA fMet , and mRNA m291, which were then tethered to the microscope slide using a biotinylated DNA oligonucleotide (Fig. 1A) . 30S ICs were imaged for 10 s, and then Cy5-L9 50S subunits were injected into the sample chamber. The appearance of Cy5 fluorescence indicated the joining of the 50S subunit (Fig. S3A) . The FRET distribution histogram assembled from hundreds of individual traces showed a predominant 0.6 FRET value corresponding to the nonrotated conformation ( Fig. 2 A and B and Table S1 ). This observation is consistent with previously published smFRET data demonstrating that following the release of initiation factors, postinitiation 70S ribosomes containing fMet-tRNA fMet in the P site are fixed in the nonrotated conformation (24, 27) . A contour plot showing the evolution of population FRET over time suggests the presence of a population of ribosomes exhibiting a 0.5 FRET value in the first ∼100-500 ms after subunit joining ( Fig. 2A ) that then transition into the 0.6 FRET state. Consistent with contour plot analysis, apparent transient sampling of 0.5 FRET before the transition into the 0.6 FRET state can be seen in a number of individual smFRET traces ( Fig. S3 B-D) . Hence, on subunit joining, at least a fraction of the 70S ICs transiently adopt a semirotated conformation, which is distinct from the nonrotated and rotated conformations corresponding to the 0.6 and 0.4 FRET states, respectively, before transitioning into the nonrotated conformation of the ribosome. Previous smFRET studies suggested that the transition of the 70S IC into the postinitiation 70S complex after subunit joining is triggered by IF2-catalyzed GTP hydrolysis at the rate of 30-50 s −1 (24) . The average dwell time of 70S • IF2 IC in the prehydrolysis state (τ = 1/k) is expected to be 20-30 ms, which is below the time resolution of our smFRET measurements (100 ms). Thus, 0.5 FRET is likely not detected in a majority of traces showing subunit joining ( Fig. S3A ) because of the 100-ms time resolution limit of our smFRET experiments. To extend the lifetime of the 70S • IF2 IC in the prehydrolysis state, we replaced GTP with a nonhydrolysable analog, β,γ-methyleneguanosine 5′-triphosphate (GDPCP). Subunit joining in the presence of GDPCP and all three initiation factors resulted in the appearance of a predominant 0.5 FRET value ( Table S1 ), suggesting the 70S IC adopts a semirotated conformation. Likewise, a predominant 0.5 FRET value was observed in subunit joining experiments when GTP was replaced with other nonhydrolysable analogs, either β,γ-imidoguanosine 5′-triphosphate (GDPNP) or guanosine 5′-O-(gamma-thio) triphosphate (GTPγS) (Fig. S4) . These results show that the identity of the GTP analog does not influence the ability of IF2 to trap the ribosome in the semirotated conformation and, thus, it is likely that IF2 • GDPCP authentically recapitulates the function of IF2 • GTP. Furthermore, these results suggested that the transition from the semirotated to the nonrotated conformation is triggered by GTP hydrolysis/inorganic phosphate release or following IF2 disassociation from the ribosome.
Subunit association in the presence of IF2 • GDPCP and in the absence of IF1 and IF3 also resulted in the appearance of a predominant 0.5 FRET state ( Fig. 2 E and F and Fig. S3F ), indicating that IF2 alone is able to induce the semirotated conformation of the ribosome. The apparent bimolecular rate for subunit joining determined from smFRET data ( Fig. 2 A and B) in the presence of all three initiation factors and GTP was 9 μM
, which is , IF1, IF2, IF3, and GTP (or GDPCP) were immobilized to a quartz slide by NeutrAvidin and a biotinylated DNA primer annealed to the mRNA. Cy5-labeled 50S subunits were delivered to the 30S ICs during imaging and subunit joining was detected by the appearance of FRET between Cy3 and Cy5. (B) L1/L33 FRET pair designed to follow the movement of the 50S L1 stalk (26) . Fluorescent dyes were attached to residues 88 and 29 (yellow spheres) of proteins L1 (red) and L33 (in green), respectively. Helixes 76, 77, and 78 of 23S rRNA comprising the 50S L1 stalk are shown in blue. The rest of the 50S subunit is shown in gray. The large subunit is viewed from the subunit interface (Protein Data Bank ID code 4V51) (45) .
very similar to the rate of 11 μM −1 ·s −1 previously determined by smFRET for subunit joining in the presence of all initiation factors (15) . The rate of subunit joining in the presence of all three initiation factors and GDPCP was 3 μM ). Hence, consistent with previous reports (15, 28) , IF1 and IF3 moderately slow down IF2-mediated subunit association.
IF2 Induces the Semirotated Conformation of the Ribosome. To further elucidate the effect of IFs binding on ribosome structural dynamics, preassociated 70S S6-Cy5/L9-Cy3 ribosomes containing fMet-tRNA fMet in the P site were imaged in the presence of GDPCP and various concentrations of IF2. In contrast to the subunit joining experiments, this approach allows for the examination of the relative stability of different ribosomal conformations in equilibrium. Approximately 80% of 70S • fMet-tRNA fMet ribosomes imaged in the absence of IF2 were observed in the 0.6 FRET state (Fig. 3A) . A small fraction of ribosomes (∼20%) was observed in the 0.4 FRET state. These ribosomes likely contain tRNA fMet that spontaneously deacylated during nonenzymatic loading to the ribosomal P site and subsequent data acquisition, allowing the ribosome to transition into the hybrid, rotated state. Incubation of ribosomes containing fMet-tRNA fMet in the P site with IF2 • GDPCP resulted in a leftward shift and broadening of the high FRET peak that indicated the appearance of an additional (0.5) FRET state (Fig. 3  and Figs. S3 G-I and S5) . Indeed, FRET distribution histograms were best fit by the sum of three Gaussians corresponding to the 0.4, 0.5, and 0.6 FRET states (Fig. 3 B and C and Fig. S5) . Noteworthy, the 0.5 FRET state was observed in both possible orientations of donor and acceptor (S6-Cy5/L9-Cy3 and S6-Cy3/L9-Cy5), suggesting that the appearance of the 0.5 FRET state is not likely the result of site-specific perturbation of the fluorescent properties of the dyes due to local environmental effects (Figs. 2 and 3) .
The fraction of ribosomes in the semirotated conformation, determined by the area under the 0.5 FRET peak, increased with higher IF2 concentrations (Fig. 3D) and reached a maximum at 500 nM IF2. A population of ribosomes containing deacylated tRNA fMet in the P site likely make up the ∼20% of traces that fluctuated between 0.4 and 0.6 FRET, even in the presence of saturating concentrations of IF2 (Fig. S3G) . Fitting the fraction of semirotated ribosomes as a function of IF2 concentration to a hyperbola gave an apparent K D for IF2 binding of 80 ± 20 nM. These experiments show that IF2 binding shifts the equilibrium between different structural states of the ribosome toward the semirotated conformation.
We next tested whether IF1 and IF3 stabilize the semirotated conformation of the 70S • IF2 IC. S6-Cy5/L9-Cy3 70S ribosomes containing initiator fMet-tRNA fMet in the P site were incubated with 100 nM IF2, 1 mM GDPCP, and 2 μM of either IF1 or IF3. We used the 100 nM concentration of IF2, which is near the apparent K D of IF2 binding to the 70S ribosome (Fig. S6A ). Under these conditions both destabilizing and stabilizing effects of IF1 and IF3 on semirotated conformation of the ribosome can be detected with high sensitivity. Neither IF1 nor IF3 shifted the equilibrium between the nonrotated, semirotated, and rotated conformations toward the semirotated state (Fig. S6 B and C) . Likewise, the combination of IF1 and IF3 did not enrich the fraction of ribosomes in the 0.5 FRET state (Fig. S6D) . Thus, neither IF1 nor IF3 contribute to the stabilization of the semirotated conformation of the 70S • IF2 IC. and induce intersubunit rotation in the 70S ribosome (21) , prompting us to test whether IF2 • GDP can stabilize the semirotated conformation of the ribosome. However, neither in the absence of nucleotides (Fig. S7A ) nor in the presence of GDP (Fig. S7B ) did the addition of IF2 (up to 2 μM) to 70S ribosomes containing fMet-tRNA fMet in the P site lead to the appearance of the 0.5 FRET state, which corresponds to the semirotated conformation of the ribosome. These results are consistent with reports demonstrating that IF2 dissociates from the ribosome on GTP hydrolysis and promotes subunit joining in the presence of GTP or nonhydrolysable analogs of GTP much more efficiently than in the presence of GDP (14) .
We next elucidated the contribution of initiator fMet-tRNA fMet to the stabilization of the semirotated conformation of the ribosome by IF2. No 0.5 FRET state was observed in vacant S6-Cy5/L9-Cy3 70S ribosomes incubated with 2 μM IF2 and GDPCP ( Fig. S7 C and  D) . Likewise, IF2·GDPCP failed to induce the 0.5 FRET state in 70S ribosomes containing a deacylated initiator tRNA fMet in the P site ( Fig. S7 E and F) , suggesting that the formation of the semirotated conformation of the ribosome requires the presence of an aminoacylated initiator fMet-tRNA fMet . These results are consistent with cryo-EM reconstructions suggesting that the C-terminal domain of IF2 interacts with the acceptor end of initiator tRNA (21, 22, 29, 30) and biochemical experiments showing that IF2 requires the formyl-methionyl moiety to catalyze efficient subunit joining (10) . Noteworthy, virtually no rotated conformation corresponding to the 0.4 FRET state is observed in 70S ribosomes formed in the presence of fMet-tRNA fMet and IF2 (Fig. 2) . This result indicates that no subunit joining with spontaneously deacylated tRNA fMet occurs in the presence of IF2. Otherwise ribosomes containing a deacylated tRNA in the P site frequently sample the rotated conformation (Fig. S1A) . Hence, IF2-mediated subunit joining step likely contributes to assuring fidelity of initiation via discrimination against deacylated tRNA.
Interestingly, the fraction of S6-Cy5/L9-Cy3 70S ribosomes containing a deacylated tRNA fMet in the P site observed in the rotated (0.4 FRET) state reproducibly increased in the presence of IF2·GDPCP from ∼50% to ∼60% (Fig. S7 E and F) . The slight stabilization of the 0.4 FRET state by IF2 is similar to some degree to the observation that other translational GTPases, such as EF-G and RF3, stabilize the rotated state in ribosomes containing deacylated P-site tRNAs (3, 31) . This finding prompted us to ask whether stabilization of the semirotated conformation could be a property of the aminoacylated initiator fMet-tRNA fMet , which prevents translational GTPases from inducing the hybrid, fully rotated state, or if induction of the semirotated state is a specific property of IF2. S6-Cy5/L9-Cy3 70S ribosomes containing P-site fMet-tRNA fMet were incubated with RF3, which is involved in the termination phase, or EF-G, which is involved in the elongation and recycling phases of translation in the presence of the nonhydrolysable analog of GTP, GDPNP. Neither translational GTPase induced the appearance of the 0.5 FRET state (Fig. S7 G and H), suggesting that stabilization of the semirotated state is a specific property of IF2.
IF2 Stabilizes the L1 Stalk in a Half-Closed Conformation. During the elongation phase of protein synthesis, translocation of tRNAs and intersubunit rotation are accompanied by movements of the L1 stalk of the large subunit that are thought to facilitate the binding and release of deacylated tRNA in the 50S E site (3). Structural and FRET studies suggest that the L1 stalk samples at least three conformations: open, half-closed, and fully closed (2, 3, 26, 32, 33) . In the half-closed and fully closed conformations, the L1 stalk interacts with the elbow of deacylated tRNAs bound in E/E and P/E states, respectively (33, 34) . The open conformation of the L1 stalk corresponds to the ribosome with a vacant 50S E site (2, 34) . However, the conformation of the L1 stalk was not unambiguously resolved in previous cryo-EM reconstructions of the IF2 • ribosome complex (21, 22) ; smFRET studies of L1-stalk dynamics during initiation are also lacking.
We followed L1-stalk movements during subunit joining and the transition to the postinitiation 70S complex using smFRET between acceptor-labeled protein L1 on the L1 stalk and donorlabeled protein L33 in the static core of the 50S subunit (26) (Fig. 1B) . This assay allows for the detection of the three previously described distinct conformations of the L1 stalk. Consistent with previous data (26), 70S L1-Cy5/L33-Cy3 ribosomes containing deacylated tRNA fMet in the P site showed spontaneous fluctuations between 0.2 and 0.5 FRET states (Fig. S8 A and B) , corresponding to the open and fully closed conformations of the L1 stalk on the nonrotated, classical and rotated, hybrid states of the ribosome, respectively (26) . The half-closed conformation of the L1 stalk induced by the binding of a deacylated tRNA (tRNA Lys ) to the E site of the nonrotated, classical-state ribosome containing an aminoacylated tRNA (fMet-tRNA fMet ) in the P site was manifested by the appearance of a 0.3 FRET state (Fig. S8 C and D) . Apparent FRET values observed in this work for the open, halfclosed, and closed conformations (0.2, 0.3, and 0.5 FRET) were slightly lower than the apparent FRET values previously detected using this smFRET assay (0.25, 0.4 and 0.55 FRET) (26) , which is likely due to minor differences in the efficiencies of Cy3 and Cy5 detection between the two optical setups for TIR microscopy that were used in current and previous works. We next examined L1-stalk movements during the subunit-joining step of translation initiation. Unlabeled 30S subunits were preincubated with mRNA, initiator fMet-tRNA fMet , IF1, IF2, IF3, and GTP. After 5 s of imaging, L1-Cy5/L33-Cy3 50S subunits were injected into the sample chamber. The burst of Cy3 and Cy5 fluorescence denoted subunit joining (Fig. S9A) . The majority (∼80%) of traces showed a single 0.2 FRET value (Fig. 4 A and B) , suggesting that in postinitiation ribosomes, the L1 stalk is predominately in the open position. However, a small number of traces began at 0.2 FRET and then show a transition to 0.3 FRET followed by a quick transition to 0.2 FRET (Fig. S9 B and C To further test whether the L1 stalk transiently samples a halfclosed conformation during subunit joining, we replaced GTP with GDPCP to trap the 70S IC in the semirotated conformation. When L1-Cy5/L33-Cy3 50S subunits were added to unlabeled 30S ICs assembled in the presence of GDPCP, a predominant 0.3 FRET value was observed, indicating that the L1 stalk adopts an intermediate position between the open and fully closed conformation (Fig. 4 C  and D) . Likewise, a predominant 0.3 FRET value was observed when IF1 and IF3 were omitted, demonstrating that IF2 • GDPCP alone is sufficient to induce the half-closed conformation of the L1 stalk (Fig. 4 E and F and Fig. S9 F and G) . In the presence of IF2 • GDPCP, 70S ribosomes containing a deacylated initiator tRNA fMet in the P site fluctuated between 0.2 and 0.5 FRET states ( Fig. S8 E and F) . However, these ribosomes do not sample the 0. 
Discussion
Our smFRET data provide independent evidence that, on subunit joining during translation initiation, the ribosome adopts a distinct conformation in which ribosomal subunits are positioned in an intermediate, semirotated orientation relative to the nonrotated, classical and rotated, hybrid states. The 0.5 FRET detected during subunit joining using the S6/L9 intersubunit FRET pair is indistinguishable from the 0.5 FRET observed when ribosomes containing a deacylated P-site tRNA were incubated with neomycin (compare Fig. S1D with Figs. 2 and 3) . Hence, the degree of intersubunit rotation in the 70S IC is similar to the ∼6°rotation observed in the 70S • neomycin crystal structure containing a deacylated tRNA bound in an intermediate position between the classical P/P and hybrid P/E state, i.e., the P/pe state (9) . In addition, the semirotated intermediate of initiation detected in our FRET experiments is likely similar to the conformation of the ribosome seen in cryo-EM reconstructions of the E. coli 70S • IF2 complex (22) , in which the platform and body of the 30S subunit are rotated by ∼4-5°relative to the large subunit and the initiator tRNA is bound in the P/I state, which resembles the P/pe state observed in in the 70S • neomycin crystal structure (9) .
Our experiment with the L1/L33 FRET pair revealed a previously unobserved structural feature of the 70S (Fig. S8 C and D) . However, the strict specificity of the 50S E site for a deacylated tRNA acceptor end (35) excludes the possibility of initiator fMettRNA fMet binding to the E site of the 70S • IF2 • GDPCP IC. Furthermore, the L1 stalk in the half-closed position is likely to be too distant to interact with the initiator tRNA bound in P/I state. Indeed, in the crystal structure of the 70S • neomycin complex, which shows a similar degree of intersubunit rotation to the 70S • IF2 complex (Fig. S1 C and D) , the L1 stalk does not make a contact with P/pe-site tRNA despite being in the fully closed conformation (9) . Therefore, coupling between the formation of the half-closed conformation of the L1 stalk and IF2-induced stabilization of the semirotated conformation of the ribosome is likely not mediated by the interaction between the L1 stalk and tRNA bound either in the P/I or E/E state. Consistent with our results, recent smFRET data showed that coupling between intersubunit rotation and L1 stalk movement can occur in vacant ribosomes (36) , further supporting the idea that the inward movement of the L1 stalk does not require interaction between the L1 stalk and tRNA.
GTP hydrolysis by IF2 was previously observed to occur at the rate of ∼30 s −1 (16) , whereas IF2 dissociation from the ribosome is significantly slower and occurs ∼1 s −1 (37) . There are conflicting reports on whether the release of inorganic phosphate from IF2 very rapidly follows GTP hydrolysis (38) or is slower by nearly one order of magnitude (16, 17) . In our subunit-joining smFRET experiments performed at the 100-ms time resolution, the semirotated intermediate of initiation was stabilized when GTP was replaced with GDPCP, whereas it was undetected in the majority of traces obtained in the presence of GTP. Therefore, the rate of the transition from the semirotated to the nonrotated conformation of the 70S IC correlates with the rate of GTP hydrolysis (and, possibly, the rate of inorganic phosphate release) rather than with IF2 dissociation. The fraction of smFRET traces obtained in the presence of GTP that showed transient sampling of 0.5 FRET ( Fig. 2A and Fig.  S3 ) likely corresponds to the tail of the dwell-time distribution of the prehydrolysis state of the IF2-ribosome complex. Consistent with early proposals (24) , GTP hydrolysis likely triggers conformational changes in IF2 that result in the transition of the ribosomal subunits to the nonrotated orientation and the outward movement of the L1 stalk into the open conformation. It is possible that GTP hydrolysis by IF2 creates a proofreading step for the 70S IC formation similar to the EF-Tu-mediated proofreading mechanism of tRNA accommodation into the A site during translation elongation.
Interestingly, IF1 and IF3 did not affect the stability of the IF2-induced semirotated conformation of the ribosome in equilibrium experiments. Consistent with published reports (10, 12, 15, 28) , IF1 and IF3 slowed IF2-mediated subunit association by approximately threefold in both single-molecule (Fig. 2) and ensemble kinetic measurements (Fig. S2) . By contrast, IF1 and IF3 dramatically inhibited subunit association in the absence of IF2 (Fig. S2) , supporting the model that IF1 and IF3 play important roles in maintaining the fidelity of initiation by preventing premature subunit association in the absence of IF2, the start codon and initiator tRNA.
IF2 was shown to accelerate subunit association by one to three orders of magnitude depending on experimental conditions (10, 11) . IF2 possibly aids subunit joining by spanning the small and large subunits through specific interactions that IF2 makes with both subunits and the initiator tRNA. Our results suggest an additional mechanism by which IF2 may enhance subunit association: IF2-mediated positioning of ribosomal subunits in the semirotated orientation may be required to facilitate the docking of intersubunit bridges that stabilize the 70S ribosome. Importantly, the majority of intersubunit bridges, notably the bridges in the core of the ribosome near the tRNA and mRNA binding sites, are conserved between eukaryotic and bacterial ribosomes (39, 40) . A cryo-EM reconstruction of the 80S IC from Saccharomyces cerevisiae containing the eukaryotic initiator tRNA, MettRNA i
Met and bound to the eukaryotic ortholog of IF2, eIF5B,
shows the tRNA in a P/I state similar to that observed in reconstructions of the bacterial ICs along with a modest, 3.4°r otation of the small ribosomal subunit relative to the large ribosomal subunit (41) . Thus, although translation initiation is regulated by different mechanisms in bacteria and eukaryotes, the mechanism of subunit association may be conserved throughout all domains of life.
Methods
Materials and methods are described in detail in SI Methods. The mRNA m291, IFs, aminoacylated fMet-tRNA fMet , and reconstituted ribosomes were prepared as previously described (42) (43) (44) . Single-molecule FRET measurements were taken using a prism-type TIR microscope as previously described (27) . Apparent FRET efficiencies (E app ) were calculated from the emission intensities of donor (I Cy3 ) and acceptor (I Cy5 ) as follows: E app = I Cy5 /[I Cy5 + I Cy3 ].
